The correlation between MWCNT aspect ratio and the quasi-static and dynamic mechanical properties of composites of MWCNTs and PMMA was studied for relatively long MWCNT lengths, in the range 0.3mm to 5mm (aspect ratios up to 5 x 10 5 ) and at low loading (0.15wt%).
Introduction
Composites based on thermoplastic matrices, such as poly(methyl methacrylate) (PMMA), polyamide 6, 6 (PA66), polycarbonate (PC), and multifunctional 0D/1D/2D fillers are promising candidates for lightweight applications [1] . As multi-walled carbon nanotubes (MWCNTs) display remarkable physical and mechanical properties including high electrical (>10 6 Sm -1 ) and thermal conductivities (>1000 Wm -1 K -1 ) and, Young's modulus and strength, that make them ideal candidates as reinforcing fillers for polymers [2, 3] . Moreover, 1D
MWCNTs have favourably large aspect (length-to-diameter) ratios, which can greatly impact thermal and mechanical properties (enhanced stress transfer with increasing nanotube of MWCNT-reinforced polymers [4] . Because of the importance of NT aspect ratio in determining composite properties, experimental studies are critical to elucidating the effect NT length has on the properties listed above. However, detailed studies on this topic have been few due the limitations of the synthesis methods employed to date to produce MWCNTs where precise control over length and diameter is challenging.
To date, work by Abbasi et al. [5] , on composites of low density polyethylene (LDPE) and different MWCNTs: long CNTs (LCNTs, aspect ratio 375); COOH modified CNTs (MCNTs, aspect ratio 375) and short CNTs (SCNTs, aspect ratio 31) were prepared by melt mixing. Mechanical testing of LCNTs samples showed significant increases in yield strength, ultimate (tensile) strength, and Young's modulus of the composites, at all loadings (from 0.2 wt% to 5 wt%). However, there was no influence on strain to failure and toughness compared to pure LDPE. The effect of aspect ratio of MWCNTs on toughening and solid-lubrication efficiency of ultra-high molecular weight polyethylene (UHMWPE)-matrix was studied by
Kumar et al. [6] . Higher aspect ratio (HAR, AR=900) CNTs were found to be more effective in improving hardness and modulus of UHMWPE than those of lower aspect ratio (LAR, AR=75). HAR CNTs also showed improved interfacial bonding with the matrix, due to their morphological similarity to the polymer chains, as compared to LAR CNT.
Wu et al. [7] prepared composites of poly(lactide)(PLA) and MWCNTs with HAR (500-5000) and LAR ) also by melt mixing. The PLA composites filled with HAR CNTs showed a higher modulus than those with LAR CNTs at identical loading levels, as one might expect from classical composite theory. Composites of PMMA with MWCNTs of varying aspect ratio and carboxylic acid functionality were prepared by McClory et al. [8] via melt mixing. MWCNTs having higher aspect ratio, i.e. above 500, formed rheological percolated networks with thresholds, determined from a power law relationship, as equal to around 1.52 and 2.06 wt%, respectively. Verma et al. [9] produced polypropylene random copolymer (PPC) composites with l-MWCNTs (AR=1356-1937) and s-MWCNTs (AR=158) using a micro twin screw extruder. Composites with 15 wt% l-MWCNTs and s-MWCNTs showed 52% and 60% improvement in modulus and, 20% and 18% improvements in tensile strength, compared with the unfilled matrix. Dubnikova et al. [10] prepared composites of poly(propylene) and MWCNTs with different CNTs having different dimensions and surface modifications by grafting of aliphatic chains onto the MWCNT surface. Transmission electron microscopy (TEM) and very cold neutron (VCN) scattering showed that both as-received and surface modified MWCNTs; (1) with diameter d<10 nm and AR=500-1500 exhibits a strong tendency to bundle or cluster together in the polymer melt compared to both MWCNTs; (2) d=40-60, AR=20-40 and (3) d=40-60, AR=100-300. In particular, MWCNTs (3) had a higher fraction of isolated nanotubes and were more aligned within the polymer, identified as the more rigid and thick MWCNTs (3) with AR=100-300. The static tensile and dynamic mechanical results revealed that both MWCNTs (3) (AR=100-300) and thin MWCNTs (1) (AR=500-1500) exhibited similar reinforcing effects, because the effective aspect ratio of the thin and flexible MWCNTs (1) was drastically decreased after melt compounding with the polymer matrix.
Composites of cyclic olefin copolymer (COC) and two types of MWCNTs with different aspect ratios (AR=160 and AR>4500) were prepared by Chen et al. [11] . No appreciable differences in glass transition temperatures (Tg) were observed between the pure COC and its composites, irrespective of the MWCNT aspect ratio. However, addition of CNTs did significantly improve the thermo-oxidative stability of COC. The nanocomposites displayed a significant delay in the onset of degradation, resulting in a degradation temperature of around 40 °C higher than that of unfilled COC for a 1 wt% MWCNT loading.
Further, Guo et al. reported that the storage moduli of composites of poly(carbonate)(PC) and MWCNTs were independent for two aspect ratios, AR=313 and AR=474 [12] , although these AR are relatively similar. Evidence presented from TEM images suggested that the shear stress applied during melt mixing reduced the higher AR MWCNTs to that similar of the lower AR MWCNTs. The rheological properties of composites of PC and MWCNTs as a function of CNT aspect ratio and surface functionalization with epoxide-terminated groups was carried out by Duncan et al. [13] . Addition of nanotubes with smaller aspect ratios (ranging from an AR of 100 to 199) led to a broadening of the loss modulus peak as a function of frequency but, no effect of MWCNT aspect ratio on the Tg of PC was observed.
Ayatollahi et al. studied the relationship between the aspect ratio of MWCNTs (AR from 455 to 1000, by changing nanotube diameter) on the mechanical properties of composites of an epoxy and MWCNTs [14] . The authors reported that Young's modulus, tensile strength and fracture toughness all increased with increasing aspect ratio, behaviour attributed to the increased load transfer from the matrix to the MWCNTs with increasing aspect ratio. However, strain at break decreased with increasing aspect ratio. The authors stated that this result was a consequence that for a constant weight fraction of MWCNTs and, as the tube diameter Page 4 of 27 AUTHOR SUBMITTED MANUSCRIPT -draft   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 decreased the total number of MWCNTs increased which in turn reduced the mobility of polymer chains resulting in a more brittle material. Hernandez-Perez et al. arrived independently at a similar conclusion for composites with two different types of MWCNTs [15] . The impact resistance, fracture toughness, Tg and storage moduli were greater for the composites prepared with higher aspect ratio MWCNTs. However, the MWCNT aspect ratios used were not specified in their work. Prolongo et al. investigated the effect of geometry, purity, structure and functionalisation of MWCNTs on the mechanical and electrical behaviour of epoxy/MWCNT composites [16] . These workers reported that the composites reinforced with the longest MWCNTs (2 µm) resulted in the highest modulus and electrical conductivity. Alva and Raja [17] examined the influence of CNT specific surface area and aspect ratio on the damping characteristics of epoxy reinforced with MWCNTs. An increase in the loss modulus was observed for the composites reinforced with CNTs of higher aspect ratio (i.e. AR>10000).
Composites of epoxy and CNT-Al2O3 were prepared with CNTs with several aspect ratios from AR=500 to AR=3200 [18] . For ARs < 3200, the tensile modulus and strength of the composites gradually increased with increasing AR. In other work, the effect of MWCNTs with three different aspect ratios (AR = 29, 55, 505) on the mechanical properties of epoxy/MWCNT composites was investigated [19] . A non-linear relationship between filler content and composite modulus was found which the authors claimed to be a result of increased CNT-CNT connectivity with increasing CNT loading, which in effect is a net reduction in the effective aspect ratio of the CNTs. The authors concluded that this provides a continuous decrease in the efficiency of stress transfer between the reinforcing filler and the matrix. Finally, composites of bismaleimide and MWCNTs were fabricated with aligned MWCNTs with lengths of 0.65, 0.8, 0.9, 1.1 and 1.3 mm [20] . Longer CNTs resulted in higher thermal and electrical conductivities of the composites, while the tensile strength and Young's modulus were found to be independent of CNT length. As reported above, the typical aspect ratios of CNTs studied previously are lower than 5000, and in most cases the length of the CNTs was in micrometres. However, there has been little research on the impact of CNTs with higher aspect ratios (i.e. AR>5000) on the thermophysical properties of polymer/MWCNT composites. Moreover, one of the main challenges in the systematic investigation of the effects of CNT aspect ratio is its polydispersity due to limited control during synthesis of nanotube length and diameter. The MWCNTs used in all the studies described above are most likely from single batches having very broad distributions of nanotube diameter and length.
Thus, in this paper and for the first time, we report the correlation between aspect ratio (AR) of MWCNTs synthesised having very narrow distributions in diameter and length and containing relatively long MWCNTs (up to 5 mm). We also present for the first time a comparison between the predicted Young's modulus (using the Mori-Tanaka model) and its experimental values for several CNT lengths over a millimetre range.. PMMA was selected as a model matrix, as it is widely used [21] and, as it is an amorphous polymer any MWCNT nucleating effect on the matrix was very unlikely. Thus, it is a good model matrix system to understand the influence of CNT aspect ratio on the properties of composites.
Experimental

Materials
The PMMA (IF850) used in this study was supplied by LG MMA Corporation Company in pellet form, melt flow index (MFI) = 12.4 g/10 min (230 °C/3.8 kg, ASTM D1238) and density = 1.18 g/cm 3 .
Sample preparation
Synthesis of MWCNTs
Page 6 of 27 AUTHOR SUBMITTED MANUSCRIPT -draft   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Thin films of Fe (1.2 nm) over Al2O3 (10 nm) were deposited on n-type Si (100) wafers using e-beam evaporation without breaking vacuum at a pressure of 1 × 10 -6 Torr. The wafers were manually cleaved into 5 mm × 5 mm samples using a diamond scribe. The MWCNTs were synthesised in a three-zone atmospheric-pressure furnace, using a single fused-silica tube with an internal diameter of 22 mm [22] [23] [24] . The incoming gases were pre-heated at 770 °C and flow through zones one and two before reaching the sample, which was positioned in the third zone for annealing and growth steps (755 °C). The furnace temperatures were measured by the built-in furnace thermocouples. Recent studies have shown that thermal preheating of carbon precursors can significantly influence hydrocarbon decomposition and reactivity during growth of CNTs [25] and graphene [26] .
Flows of He (99.9999%), ArO2 (a mixture of 99.9999% Ar with 1% oxygen), C2H4
(99.999%), and H2 (99.9999%) (gases were purchased from Gas Technologies) were maintained using electronic mass flow controllers (MKS model P4B) with digital mass flow control unit (MKS model 247D). All experiments were performed by using the "fast-heat" technique, as described in detail in [27] , where the samples were initially positioned outside the heated zone of the furnace with a fan blowing on the exposed quartz tube to keep the sample at room temperature until reaching equilibrium for all temperatures and flows. Using this technique, the heating is applied to the sample only during annealing and growth (and not during the initial purging and ramping of the furnace to the set temperature). The technique was employed to form controlled part per million (ppm) amounts of water vapour inside the reactor, from controlled flows of ArO2 and H2, as described in detail in [28] .
Flow rates of the annealing gas mixture of helium and hydrogen were 100 and 400 standard cm 3 /min, respectively. This gas mixture was flown for 10 minutes while all furnaces were set to the desired temperature. Once the set temperatures of all furnaces were reached, the quartz tube was shifted, positioning the sample in the growth zone to start the annealing process (5 minutes). The annealing step was followed by the growth step. The flows of He, H2, ArO2 and C2H4 were respectively set at 100, 400, 250 and 200 cm 3 for 5, 10, 20, 30, 40, 60 and 90 min. After the growth was completed, the quartz tube was moved out of the furnace to slowly cool down to room temperature under a flow of helium before removing the sample from the furnace. The AR of the MWCNTs synthesised are listed in Table 1 .
Composite preparation
The PMMA pellets were first ground to powder yielding a particle size smaller than 250 μm, using a SPEX ® SamplePrep Freezer Mill (Stanmore, UK). The pellets (25 g batch) were
pre-cooled for 12 minutes, followed by two 5 minute grinding cycles at 15 Hz. Between each cycle, the sample was cooled for a 2 minute interval. The PMMA powder was dried in a vacuum oven at 70 C for 12 h prior to melt processing to prevent water absorption and consequent deterioration in material properties.
Composites were prepared by first dry blending the PMMA powder with 0.15 wt% of the different MWCNTs by hand. The powder mixtures were fed 10 g at a time into a Haake™ Mini-Lab II micro-compounder fitted with two conical co-rotating screws that facilitated recirculation of compound within a chamber of volume 5 cm 3 . The mixture was mixed for 5 minutes at 80 rpm and 235 C. After 5 minutes, the nanocomposite was extruded through a 3.90 mm × 1.20 mm rectangular die directly into the hot melt chamber of a micro-injection moulding machine. Test specimens were injection moulded using a piston injection moulding system (Thermo-Scientific Haake™ MiniJet Pro) to produce standard dumbbell-shaped specimens conforming to ASTM D638 V for tensile testing and disk samples (d=25 mm, h=1.5 mm) for rheology measurements. The injection temperature was set to 230 C, while the mould temperature to 140 C with an injection pressure of 350 bar. Neat PMMA was also extruded Page 8 of 27 AUTHOR SUBMITTED MANUSCRIPT -draft   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and injection moulded using the same parameters for the purpose of comparison. All sample types prepared are listed in Table 1 . 
Characterisation
Samples for the high resolution transmission electron microscope (HRTEM) studies were prepared by dispersing a section of the CNT carpet in isopropanol with gentle sonication for an hour, and then placing one drop of the solution on a 300 mesh Cu lacey carbon grid (from SPI).
Scanning Electron Microscopy (SEM) examination of all materials was carried using a Zeiss Sigma SEM with an operating voltage of 3.0 kV. Specimens for SEM examination were taken from dumbbells after fracturing in liquid nitrogen, then mounted on 25 mm × 1 mm aluminium discs using carbon tape, and subsequently sputtered with a 10-20 nm thick coating of gold on the sample surface to impede charging effects and induce conductivity prior to SEM examination.
Page 9 of 27 AUTHOR SUBMITTED MANUSCRIPT -draft   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Dynamic rheological measurements were performed using a HAAKE MARS rotational rheometer in an oscillatory shear mode using parallel plate geometry (standard aluminium plate, 25 mm diameter, 1 mm gap) at 235 °C. Frequency sweeps from 1000 rad/s to 0.1 rad/s were carried out at low stress (10 Pa), which was shown to be within the linear viscoelastic limit of all the materials used in this study.
Page 10 of 27 AUTHOR SUBMITTED MANUSCRIPT -draft   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Tensile tests were performed on all composites and Young's modulus (GPa), ultimate tensile strength (MPa) and strain at break (%) determined using a Shimadzu Autograph AGS-X fitted with a 10 kN load cell, equipped with a twin TRViewX non-contact digital video extensometer (500 mm and 120 mm field of view) using Trapezium X Version 1.4 software package. The standard dumbbell-shaped test specimens (ASTM D638 V) were deformed using a constant crosshead speed of 1 mm/min and data acquisition rate of 100 points/s. The dumbbell samples had a total length of 63.5 mm, a gauge length of 7.62 mm, a neck width of 3.18 mm, and a thickness of 3.3 mm. The thickness and width of the samples were determined using a micro-meter prior to testing. Five samples from each batch were run to obtain average and standard deviation values. To obtain the elastic modulus, a linear regression technique was utilized to define the slope of the stress-stain curve in the initial region before yield. Analysis of variance (ANOVA) was utilised to test for any significant differences amongst the mean of the tensile property of interest by quantifying the differences with the aid of Data Analysis ToolPak in MS Excel, with the p-value set to 5%. Figure 1 shows SEM images of MWCNT dense carpets as a function of growth duration which were synthesized with heights of 0.3, 0.7, 1.5, 1.8, 2.3, 3.7 and 5 mm (± 5% based on SEM images) for 5, 10, 20, 30, 40, 60 and 90 minutes, respectively. From observation of SEM images, we can estimate that the height variation by appropriately using gas preheating [25, 29, 30] and, by controlling the amount of water vapour introduced in the reactor by combining hydrogen and the oxygen contained in ArO2 (mixture of 1% oxygen and 99% argon) [25, 28, 31] . We can limit Ostwald ripening (coarsening) of the catalyst [32] and formation of amorphous carbon [31] on the catalyst surface, thus extending its lifetime. This allows us to modulate the height of these CNT carpets with growth times up to 90 minutes. Fig. 3(a) ), most probably as a consequence of air trapped during the manufacturing process. Moreover, voids can also be formed when the MWCNTs are pulled out from the matrix during cryofracturing specimens for SEM studies. as has been reported previously [33] . It can be seen from the DTG curves (Fig. 4(b) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 motion of the polymer chains [34] , but as DSC is an indirect measurement method for Tg of polymers [35, 36] , additional measurements were performed to more accurately determine Tg from DMTA, see Figure 6 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 non-linear. As a result, a stress value of 10 Pa was selected for all the samples used in this study.
Results and discussion
As shown in Figure 7 induced heterogeneity within the composite material [38] .
Page 18 of 27 AUTHOR SUBMITTED MANUSCRIPT -draft   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quasi-static tensile testing was performed at room temperature (RT) on PMMA and composites of PMMA and MWCNTs to determine their stress-strain curves, and associated mechanical properties. At the macroscopic level, all materials exhibit a narrow linear elastic stress-strain regime, beyond which the mechanical behaviour is dominated by a nonlinear stress-strain response. We believe that at the nanoscopic level there is an irreversible (beyond the elastic limit) process of straightening, slipping, and bundling of MWCNTs during straining, as suggested in [39] , which is accompanied by some molecular alignment of PMMA chains.
The stress-strain curves for PMMA and the nanocomposites are shown in Figure 8 (a).
The Young's modulus was determined from the initial slope on the stress-strain curve, while the tensile strength was defined as the maximum stress before material failure. The strain at break was determined as the maximum strain before material failure. It was found that there is no statistically significant change of Young's modulus (E) (as assessed by ANOVA analysis) of the pure PMMA and PMMA-MWCNT systems with increasing MWCNT length from 0.3 mm up to 3.7 mm. This behaviour may be a consequence of the very low (0.15 wt%) filler content. However, E of PMMA-MWCNTs-5mm (H) composite was found to be higher than that of the pure PMMA and other PMMA-MWCNT composites (see Figure 8(b) ).
The tensile strength of PMMA-MWCNT composites (see Figure 8 (c)) increased with increasing MWCNT length from 52.7 MPa for pure PMMA to 64.7 MPa for PMMAMWCNTs-3.7mm (G). This improvement is believed to be due to good interfacial interaction between MWCNTs and PMMA expected as a result of the large aspect ratio of MWCNTs which act as enhanced fibres in the composites. However, the tensile strength of PMMAMWCNTs-5mm (H) is lower than that of PMMA-MWCNTs-3.7mm (G). Moreover, the difference is not statistically significant as assessed by ANOVA analysis. This is also related to the low content of MWCNTs.
The variation of strain at break for PMMA and the PMMA-MWCNTs composites with MWCNT length are shown in Figure 8(d) . Similarly, the strain at break for the PMMA-MWCNT systems increased with increasing MWCNT length, from 1.8% for PMMA to 4.3%
for PMMA-MWCNTs-3.7mm (G) (except for PMMA-MWCNTs-5mm (H), which exhibit a similar value of strain to failure as PMMA-MWCNTs-3.7mm (G) systems). The above trend may be caused by bridging PMMA chains by the MWCNTs that act as tie chains, resulting in the increase of the average number of physical junction points with the incorporation of MWCNTs [40] . Thus, it can also be speculated that sufficiently long tubes can provide enhanced interfacial interactions with PMMA, and lead to improved toughness (area under the stress-strain curve) [41] .
In addition to the experimental data, Mori-Tanaka theory [42] was used to predict the Young's modulus of the nanocomposites as a function of MWCNT length. For this, the nanotubes were modelled as straight effective fibres described by linear elastic and isotropic properties, with their Young's modulus and Poisson's ratio values equal to 143.62 GPa and 0.16, respectively, as calculated in [43] . For simplicity, this approximation neglected the presence of multiple walls in each nanotube, their transversely isotropic behaviour and waviness. The MWCNTs were assumed to be well dispersed, aligned or randomly oriented and perfectly bonded to the PMMA, the latter was modelled as an isotropic linear elastic material with Young's modulus and Poisson's ratio equal to 3.3 GPa and 0.35, respectively. The weight fraction of MWCNTs was converted into their volume fraction using Eq. (1) in [44] . For randomly oriented nanotubes, the orientation-averaged Mori-Tanaka elasticity tensor [45] was used with the Eshelby tensor for high-aspect ratio ellipsoidal inclusions that resemble fibres.
As expected the model generally predicted a small reinforcing effect, brought by the addition of a tiny amount of MWCNTs (0.15% wt.), for both aligned and randomly oriented nanotubes, as shown in Fig. 8(e) . The predicted values are clearly larger than from the experimental results (except the PMMA-MWCNTs-5mm sample). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This difference between predicted and experimental values is most probably associated with a weak interface and MWCNT agglomeration in the experimental samples, effects that
have not yet been captured in our model. Moreover, no effect of the MWCNT length (aspect ratio) on the modulus was observed within the MWCNT length range investigated. It was found that the model predicted increases in the modulus of the nanocomposites up to the aspect ratio of around 10000 (these results are not shown here), similar to [46] 
Conclusions
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